The last decade has witnessed not only an enormous expansion of technic and factual knowledge but also a revolution in the philosophical concepts of biological chemistry. Emphasis has changed, new relations have been discovered; what were formerly mere factual correlations have been given functional significance.
for the maintenance of bodily functions. They found their way into the urine through inescapable leakage, or were end-products of specialized metabolic processes which the body was unable to oxidize completely. Under normal conditions of diet sufficient protein was continuously taken from the exogenous supply to replace the-endogenous detritus, but the great bulk of exogenous protein and all carbohydrate and fat were oxidized, as soon as they entered the body, to urea, carbon dioxide, and water, to provide energy.
The discovery of essential nutritive elements, such as specific amino acids by Osborne and Mendel, vitamins by Hopkins and others, etc., directed attention to the importance of chemical structure. However, investigations of the action of these substances and of the hormones, which were discovered at about the same time, were at first confined almost entirely to their effects on growth and other gross traits.
In physiology and medicine attention was turned from the mere identification of chemical compounds and their derivatives to the physico-chemical forces and mechanisms involved in physiologic activities, such as membrane equilibria, acidi-base equilibria (L. Henderson, and Van Slyke), the internal exchange of respiratory gases by means of hemoglobin (Haldane, Barcroft, and Van Slyke), and the reactions involved in muscular activity (Meyerhof, and Hill) . The chemical and physiological world came to be regarded as a series of reversible chemical equilibrium reactions that could be written in series: glucose --' glycogen, glycogen --'lactic acid, even creatine--'creatinine and urea-± ammonia. Close behind the physical chemical promotion came a renewed interest in the application of the technics of chemistry and physiology to the differentiated activities of organs; the kidneys under Cushny and Richards, muscle under Meyerhof and his associates, the liver under Mann, etc. Both the equilibrium reactions and the activities of individual organs were treated as if they proceeded independently; in this sense the approach was categorical.
These various interests inevitably impinged upon one another. With the recognition of the importance of chemical structure to function and the realization that hormones, vitamins, and enzymes, formerly vaguely classed as catalysts, were really definite chemical compounds, the isolation and identification of more of these compounds and the discovery of the place and nature of their actions became the preoccupation of both chemists and physiologists. Among the host of substances that turned up in this analytical fervor may be mentioned Warburg's respiratory enzyme, Fiske and Subbarow's phosphocreatine, Lundsgaard's adenosinetriphosphate, acetylcholine, and some of the components of the vitamin B complex.
These discoveries have evolved new principles of far-reaching importance. Many of the compounds which have been identified have proved to be so unstable that they would have escaped recognition by the method of systematic analysis; some, like adenosinetriphosphate and creatinephosphate, have proved to be aggregations of substances already well known. Vitality is no longer a mere spirit breathed over inert chemical reactions, but something inherent in the orderly arrangement of these reactions. Even the structure of the compounds involved in these reactions will not survive the resolution of the reactions. Hormones are concrete substances of various kinds that probably participate in metabolic processes. Vitamins and essential amino acids are not mystical growth-promoting or life-sustaining principles, but are materials which contain some particular chemical radicle or aggregation which is indispensable for the functional integrity of the animal body, but which must be derived from extraneous sources, usually ultimately from the vegetable kingdom, because they can not be synthesized by animals. Enzymes are not catalysts, in the formerly accepted sense of the term, but complex systems composed of diverse chemical agents which, by a chain of linked interchanges and transportations, implement oxidations, hydrolyses, and other useful reactions, at the same time imparting to them order and direction.
By the time it had become a general habit to express biological reactions as reversible equations, it became apparent that one of the features that distinguishes the orderly processes of life from disorderly autolysis in the test-tube is the unidirectional character of many, if not of most, of its reactions. CreatineIR ' creatinine is easily reversible in vitro, but Bloch and Schoenheimer2 have proved conclusively that it proceeds only to the right in the normal living animal. For glucose the formation and hydrolysis of glycogen in the liver may be defined by the equation glucose ' glycogen; but this will not serve for any other sugar. Galactose-' glycogen, if it occurred, could lead only to galactosuria, a metabolic futility. The actual facts are defined by the solid arrows in the following figure, with the reservation that the processes may, at times, be short-circuited through intermediary reactions, as indicated by the broken arrows. There can not even be certainty that in the reaction, glucose -2 glycogen, hydrolysis retraces the path of synthesis. In muscles, glycogen, though formed from glucose, in the process of degradation breaks down to fructose phosphates. This offers a galactose. Over-all concepts of metabolism are no longer adequate; the terms endogenous and exogenous, which base distinctions on the sources of foodstuff are highly unsatisfactory. If they were to be retained they could be applied most realistically to differentiate between those indispensable substances which must be derived from the environment and those chemical compounds which can be synthesized in the body. Proteins can no longer be regarded as stable structural materials, subject to only slight deterioration. Schoenheimer2' and others, chiefly by the aid of heavy isotopes of hydrogen, nitrogen, and carbon, have proved that there is such a constant and extremely rapidly interchange between food substances and tissues, that the two become indistinguishable in the internal economy almost as soon as the food enters the body. This interaction involves not only the substitution of chemical compounds, but also transfers of elements and small radicles among these compounds. Proteins are continually changing conglomerates; even amino acids are in a state of perpetual flux. Amino acids are separated from their parent proteins to be converted into other compounds, such as creatine, purines, etc. Carbohydrate and fat can no longer be treated as indifferent materials, serving no purpose except the provision of fuel for energy purposes.
A more suitable frame for metabolism must be found, one in which distinctions are drawn according to purpose or function, if these words are not interpreted teleologically. Two broad, but quite distinct, categories of metabolism may be recognized. These may be named operative and energy-producing. The last requires little explanation. It consists of those oxidative reactions which have as their principal object the provision of energy for the conduct of biological processes: the combustion of fat and of carbohydrate to carbon dioxide and water, and of protein to carbon dioxide, water, and urea or ammonia.
Operative metabolism includes the specific chemical reactions that enable each cell to perform its specialized functions, irrespective of the source from which it derives its energy. In muscle, during activity, glycogen is broken down. In the absence of oxygen it goes to lactic acid, which may not be oxidized by muscle at all. In the presence of oxygen it is broken down by a more complex series of reactions to other intermediary products, of which at least a part is ultimately oxidized completely to carbon dioxide and water, thereby providing energy. In the muscle of the depancreatized animal this last step does not take place; instead, only fat is burned. Nevertheless, the known reactions involving carbohydrate, except those leading to its oxidation, seem to proceed in diabetic musde, just as they do in normal muscle. To return to an earlier simile, these reactions may be compared to the spindles that allow a textile factory to make thread rather than stove bolts, whether they are powered by a steamengine or a hydroelectric plant. In the muscle they are part of the chain of reactions involved in the process of contraction, which must proceed whether carbohydrate is used or not. It follows that carbohydrate participates in these operative reactions, and therefore must be supplied, even when it can provide no energy.
Strictly, there is another category of metabolism that might be termed transformative, to describe the processes by which some compound essential for a particular purpose, in either operative or energy metabolism, is produced from one or more other substances. This is comparable in the biological economy to manufacturing in our factory. It is, however, practically indistinguishable from operative metabolism. For example, creatine may be formed from the amino acids, glycine, adenine, and methionine; as creatine phosphate it participates in the metabolism of muscle. Although it undergoes constant deterioration to creatinine, it is apparently not burned for the production of energy. Nevertheless, it facilitates reactions that are essential for the contraction of muscles and that may be productive of energy. Neither the formation of creatine nor its elimination as creatinine are appreciably influenced by the amount of muscular activity. Its production, therefore, is a transformative metabolic process; its function in muscle must be purely operative. The mammalian organism is able to supply, from rather simple and indifferent materials, a large proportion of its needs, especially its energy requirements. Certain highly specialized compounds it can elaborate only from prefabricated or processed materials secured from extraneous sources. Among these are the substances known as vitamins and some amino acids. It must be recognized, however, that an amino acid or other compound that can be synthesized within the body is not on that account less essential for the performance of its peculiar functions than one that can not be synthesized; it merely does not have to be provided preformed in the food.
As far as energy-production is concerned, within broad limits the three foodstuffs, protein, carbohydrate, and fat, are interchange- 24 hours. Apparently protein destruction does not begin to increase until the glycogen of the liver is greatly reduced. After it has begun it proceeds at a sufficiently rapid rate to maintain an adequate amount of glycogen in the liver. Mirski's rats which had received carbohydrate were examined just at the time when the stores of glycogen derived from carbohydrate were exhausted, but before protein had come to the rescue. The metabolism of the protein-fed rats was already running predominantly on protein; starvation necessitated no shift of machinery, at most a change in the source of supply. The transfer from a diet in which protein predominates to starvation or in the reverse direction appears to have no latent period, no discontinuity. The organism seems to recognize no difference between materials supplied from the external environment and those derived from its own tissues. This is an added reason for abandoning the terms endogenous and exogenous metabolism, which emphasize the sources of materials, for terms that embody more realistic distinctions based upon the nature of materials available and the purposes for which they are utilized.
When there is an abundant supply of exogenous carbohydrate available it is used quite lavishly for energy-production, at least in muscles, especially when these are contracting vigorously. But when carbohydrate become scarce, less and less is burned. When carbohydrate must be supplied by protein, sugar is strictly rationed. When carbohydrate is given to a starved animal its oxidation is not immediately accelerated. Just as protein takes up the operative load of carbohydrate only after a definite lag and when glycogen is almost exhausted, so carbohydrate does not reassume its responsibilities until a certain reserve of liver glycogen has been built up. Meanwhile combustion of carbohydrate continues to pursue the limited and leisurely pace imposed by niggardly protein. This is the familiar starvation diabetes. It must be recognized that in this state combustion of carbohydrate is not abolished, but only retarded. Respiratory quotients prove that the protein metabolized is completely oxidized; therefore, the moiety of this protein that forms carbohydrate must be oxidized.
Under ordinary circumstances fat seems to have almost no indispensable operative or transformative functions. Animals can apparently subsist on diets entirely devoid of fat, with one exception: a small quantity of unsaturated long-chain fatty adds, either linoleic or arachidonic, must be supplied, presumably because it is needed for some essential purpose and can not be synthesized in the body. It may be inferred that all other necessary fatty acids and glycerine can be formed from carbohydrate, since removal of fat from the diet, provided enough carbohydrate is substituted, does not increase protein metabolism. Fat may be considered as the great energy reserve of the body, a role for which it is peculiarly suited because it can be deposited in almost pure form in the tissues and has a caloric value high in proportion to its weight. A gram of either protein or carbohydrate will provide about 4 calories, but can be stored in the body only in conjunction with about 3 grams of water. A gram of fat, which provides about 9 calories, on the other hand, can be stored in practically an anhydrous form. Therefore, as storage material fat is about 9 times as efficient as carbohydrate or protein, in terms of the amount of energy per gram of weight which the body has to carry. It is generally stated that animals have only a limited capacity to store carbohydrate, because the amounts of glycogen which muscles and liver will hold are relatively small. This is, however, only the carbohydrate that is available for operative and transformative purposes. By conversion to fat the energy value of carbohydrate may be accumulated to an unlimited extent.
Stadie's24' 25 recent elucidation of the phenomena of ketone production and combustion should finally silence the overproductionists who have insisted against all earlier evidence that carbohydrate is formed from fat. Nevertheless, the production of ketones is not an obligatory step in fat-combustion; fatty acids can be burned directly by the tissues without this preliminary conversion. This is attested by the respiratory quotients of isolated diabetic musde, of hepatectomized animals, and more direcdy by Cruickshank's experiments7 with the aglycemic heart-lung preparation. Stadie, himself, found that in diabetic humans and animals formation and combustion of ketones could account for only a fraction of the energy derived from fat. It may be that a minimal quantity of ketones is essential for the metabolism of tissues and that this comprises the normal operative contribution of fat. For its chief purpose, energy-production, however, fat need not be converted to ketones. If preformed carbohydrate is not available and carbohydrate utilization is consequently diminished, fat is deposited in the liver where it is transformed at an accelerated rate to ketones, which are burned in the tissues. Crandall and his associates5' 6 In a sense, liver glycogen seems to lead a purely ministrative role. It takes carbohydrate when there is a surplus not needed for other purposes. Except in von Gierke's disease it is never permitted to grow too opulent. On the other hand, it is never permitted to become completely extinguished. If it approaches this point protein puts it on the dole. Anything that accelerates the utilization of carbohydrate by the tissues promotes glycogenolysis in the liver; and the tissues are ruthlessly extravagant until protein assumes control. The commonest goad to carbohydrate combustion and the most frequent accelerator of hepatic glycogenolysis is muscular exercise. The most vivid demonstration of its effects can be found in Courtice and Douglas' accounts4 of the ten-mile walks they took before breakfast. In the course of these walks, conducted at such a leisurely pace that there was no appreciable production of lactic acid, they burned considerable amounts of carbohydrate that must have come from hungry livers. Gradually their respiratory quotients fell as hepatic glycogen became depleted. When they rested, the respiratory quotients slumped sharply, indicating that liver glycogen was also taking time off. Meanwhile, they were forced to subsist largely on fat. But if they resumed their walks the liver valiantly gave of its remaining glycogen what it could. Subsequently the respiratory quotients fell still further and ketonuria appeared. If they ate carbohydrate on the walk it was quickly spent and the liver got none of it. If, however, they took carbohydrate during the rest, they exhibited the phenomena of starvation diabetes: respiratory quotients did not rise, although blood sugar rose excessively. The carbohydrate all went to the liver to form glycogen, presumably to relieve protein of the necessity of continuing to provide this commodity.
Cessation of carbohydrate combustion appears to be the most potent of all glycogenolytic forces. The necessity for postulating a linkage between the operative and energy-producing functions of carbohydrate has already been mentioned. Although oxidative combustion of sugar becomes greatly retarded during starvation, it does not cease altogether; the glycogen penuriously supplied by protein is burned. In the absence of insulin the musdes apparently lose the power to effect this last step in carbohydrate metabolism. Under these circumstances the liver behaves as if it were under maximum compulsion to provide glucose to the muscles; its glycogen fairly melts away. This it is that has given rise to the opinion that insulin promotes glycogenesis. By restoring the ability of the muscles to burn carbohydrate, insulin does remove the stimulus to glycogenolysis in the diabetic animal, thereby permitting the liver to retain glycogen that is formed. Hepatic glycogenesis, however, is not retarded in the absence of insulin. In fact, it must be extremely active, since every suitable compound is converted to glucose. Even protein is no longer economized; urea excretion increases enormously. With the exception of glucose all these compounds must be converted to glycogen by the liver before they can form glucose. Hepatic glycogen is depleted, not because hepatic glycogenesis is retarded, but because glycogenolysis outstrips it.
When carbohydrate combustion ceases and liver glycogen becomes depleted, protein destruction increases. This continues even when the blood sugar has risen far above normal. In this dilemma protein lends whole-hearted support to carbohydrate, as if the organism was utilizing all its resources in a vain effort to overcome the obstruction to carbohydrate oxidation by sheer force of mass action. Although the predominance of glycogenolysis over glycogenesis in the liver is not checked by spontaneous hyperglycemia, the concentration of glucose in the blood is not altogether without influence upon the balance between these processes. Ordinarily, as the blood sugar rises excretion of glucose in the urine increases pari passu, thus mitigating hyperglycemia. Ingested sugar is absorbed at such a measured rate that it does not surpass the excretory capacity of the kidneys. By intravenous injection of glucose, however, especially when the kidneys were removed, Mirsky16 was able to raise the blood sugar to such heights that liver glycogen increased in the depancreatized dog. At the same time nitrogen catabolism decreased, further evidence that the response of protein to the call for carbohydrate is implemented by the supply of glycogen in the liver.
The statement that insulin actuates or facilitates the oxidative metabolism of carbohydrate can be regarded only as the hypothesis which, by exclusion, seems most compatible with the facts now available. It has already been pointed out that glycogenesis and glycogenolysis proceed in its absence. The formation of glucose is also preserved. Comparisons of glucose in arterial and venous blood entering and leaving the muscles of diabetic patients or animals suggest that these tissues take up glucose less rapidly than do normal muscles. This has led some to place the break in the chain of reactions at the formation of muscle glycogen. Against this is the fact that muscle glycogen is not greatly depleted in diabetic animals. Furthermore, Bollman, Mann, and Wilhelmj3 have demonstrated the formation of muscle glycogen in the depancreatized dog. The anaerobic breakdown of glycogen to lactic acid and the reconversion of the latter to glycogen by the liver are not interrupted. It has, however, been established beyond reasonable doubt that oxidation of carbohydrate to CO2 and H20 is abolished. The fracture, therefore, would seem, by exclusion, to lie somewhere in the course of the reactions involved in the oxidative degradation of glycogen. But little is known with certainty of the intimacies of these reactions in normal animals; their state has not been explored in diabetic animals other than the pigeon, which does not respond like mammals to pancreatectomy. Inferential evidence suggests that only the initial reactions of the oxidative chain, if any, are reversible. If this is the case, since carbohydrate in the diabetic animal can all be recovered in the urine as glucose, the site of action of insulin would have to be placed in the initial phases of this system. To venture still further into the realm of conjecture, this would afford an explanation for the retardation of the transfer of glucose to muscle glycogen, because it would tend to back up the whole system at or near the glycogen level.
Although the exact site of the action of insulin is a subject of great physiological significance, it is not essential to the argument that has been developed. The phenomena that have been described are not related specifically to the absence of insulin or the inability to burn carbohydrate; they derive from failure to burn carbohydrate. This is implicit in the action of phlorizin. Wierzuchowski26 established beyond doubt that this drug does not destroy, indeed may not even injure, the capacity of muscles and other organs to utilize carbohydrate. It merely starves these tissues of glucose by abolishing the reabsorptive function of the renal tubules, thus short-circuiting glucose from the blood to the urine before it can reach the tissues. By intravenous injection of enough glucose to maintain the blood sugar at normal levels, or by removal of both kidneys, the phlorizinized animal can be made to utilize carbohydrate in the normal manner. In this respect it differs from the depancreatized animal; but in other respects the two behave alike. In both, hepatic glycogenesis and glycogenolysis are accelerated and protein destruction is increased. This might be expected, since the difference between them is potential, rather than actual. Although the totally phlorizinized animal can burn sugar if it is given the opportunity, it is as effectually prevented from doing so by its renal defect as the depancreatized animal is by lack of insulin.
As protein destruction increases in the diabetic animal the formation of ketone bodies in the liver is also accelerated, greatly surpassing the capacity of the tissues to burn these compounds. Nevertheless, there can be no doubt from Stadie's experiments24 25 that diabetic tissues do burn them even more rapidly than do normal tissues. At the same time the tissues continue to burn a certain proportion of fat directly, without preliminary conversion to ketones by the liver. The explosive outburst of ketosis in the diabetic animal lends force to the argument that ketone production is not merely an essential step in the combustion of fat, but that ketones fill a specific operative rle in the metabolism, which becomes more important when carbohydrate can not be utilized.
The major phases of the metabolism of carbohydrate and fat are outlined in Figure 1 . At the left, protein is pictured in the liver as contributing to glycogen or fatty acids after deamination. The glycogen broken down to glucose is conveyed to the muscles to form glycogen again. This may be degraded to lactic acid to become glycogen once more in the liver, a purely operative procedure. On the other hand, it may pass through the oxidative chain of operative reactions to end in the energy-producing combustion to CO2 and H20. Apparently the liver overreacts when faced with this unwonted crisis, pouring out ketones faster than they can be utilized. This suggests that ketone production by the liver is not directly attuned to the demands of the tissues. Other evidence would indicate that it is more dosely linked with the glycogen content of the liver or with some function connected with glycogen. Mirsky, 18 in the experiments previously cited, found that when sufficient glucose was injected into depancreatized animals to restore liver glycogen, not only protein destruction but also ketosis were abated. This is especially significant in view of the fact that the administered glucose presumably was not burned. Ketosis can not be linked directly with the formation of glycogen from protein because it does not reach major proportions in animals subsisting predominantly on protein.
The conversion of carbohydrate to fat as an alternative metabolic path for carbohydrate has received little consideration. This process has been treated as a provision for the storage of unusual excesses of carbohydrate which is only occasionally used. Fat has been regarded as a relatively inert material. Schoenheimer20 has proved that it is undergoing constant and rapid changes. It is possible, if not probable, therefore, that it is being continually formed from carbohydrate and as rapidly burned. It is a self-evident truth that the combustion of carbohydrate with intermediary conversion to fat must have the same respiratory quotient as has the direct combustion of carbohydrate, 1.00. This makes attempts to distinguish the two processes extremely baffling. It has also given rise to the general assertion that the differentiation is of no importance.; So long as interest was confined entirely to energy-production and the nature of the fuel consumed, this opinion was tenable. But when metabolism is viewed in its separate steps, the intermediary processes to which any foodstuff is subjected are matters of no little moment. Theoretically it should be possible for the diabetic animal to circumvent some of the incapacity imposed by his disease by burning carbohydrate over this indirect route. Actually, since the depancreatized animal excretes all carbohydrates, given or formed, as glucose in the urine, and has a respiratory quotient of about 0.71, it must be incapable of utilizing this expedient. Drury,8 on other grounds, has suggested that one of the actions of insulin is to facilitate the conversion of carbohydrate to fat. This is an extreme view. It is impossible, at the present time, to go further than to say that the ability to form fat from carbohydrate is in some manner linked with the capacity to burn carbohydrate. To infer that it involves some one of the reactions included in the oxidative metabolism of carbohydrate is quite unwarranted. It is more probable that the organism will not spare carbohydrate for the formation of fat when it is so urgently needed for other purposes. This would be only another expression of the fact that when the ability to burn carbohydrate is abrogated all possible reactions in the body are accelerated in the direction of the dead end, glucose.
The total frame of metabolism is outlined in Figure 2 deamination, a r e oxidized for en- FIG. 2 ergy production through the paths of carbohydrate and fat. The chief role of carbohydrate also seems to be operative, with energy-production a terminal event. Carbohydrate, like protein, may contribute to energy-production also by intermediate transformation of fat. For the latter, energy-production is the chief purpose of life. Its operative functions appear to be largely facultative and may be represented, for the present, by the dotted line which represents ketones cutting in upon the path of carbohydrate metabolism above the point of energy-production.
In presenting this frame it has been necessary to treat the various processes in a discontinuous manner, as if they were separable. To some extent, however, all the reactions mentioned are continuously proceeding simultaneously. Some fat is always burned directly, even when ketosis is maximum. Ketosis itself is not a pathologic phenomenon, but a part of the normal metabolism of fat, its operative metabolism. It becomes pathologic only when it runs riot in diabetic acidosis, and then, not because it is not serving its metabolic purpose usefully and faithfully but because the acidic properties of the ketone acids play havoc with the systems to which acidbase equilibrium, electrolyte equilibrium, and water exchange are entrusted. Carbohydrate oxdiation is accelerated by exercise; it is reduced to a minimum by lack of insulin. Less insulin is required to burn a given amount of carbohydrate during exercise than during rest." Removal of the hypophysis or the adrenals greatly modifies the effect of pancreatectomy on metabolism. All these are illustrations of a general rule: the fundamental reactions involved in metabolic processes seem neither to cease entirely nor to change their character during life; only the relative rates at which they move vary with circumstances.
